Objective: To determine whether MRI markers, including diffusion tensor imaging (DTI), can predict cognitive decline and dementia in patients with cerebral small vessel disease (SVD).
interest; it is highly sensitive to white matter (WM) microstructural damage in SVD and demonstrates widespread abnormalities in the apparently normal-appearing WM (NAWM). 8 Cross-sectional studies have shown that both lacunes and diffuse WM damage detected on DTI are associated with cognitive impairment. [9] [10] [11] [12] It has been hypothesized that both result in white matter track disruption, and disconnection of distributed networks underlying executive function (EF) and processing speed (PS), the 2 domains most affected in SVD. 13, 14 However, almost all previous data are cross-sectional and therefore give information only on association, not prediction. The longitudinal St George's Cognition and Neuroimaging in Stroke (SCANS) study was established to determine whether change in multimodal MRI, including DTI, predicts cognitive decline and dementia in SVD.
METHODS Patients. Details of the SCANS study have been published previously. 7, 10 In brief, patients presenting with symptomatic SVD, defined as a clinical lacunar stroke syndrome 15 with MRI evidence of an anatomically corresponding lacunar infarct, and with confluent regions of WMH graded $2 on the modified Fazekas scale, 16 were enrolled from 3 stroke services covering a geographically contiguous region in South London. Patients underwent MRI annually for 3 years and cognitive testing annually for 5 years. At each visit, repeat recordings of cardiovascular risk factors and blood pressure were performed. Data on progression to dementia were collected during follow-up and from hospital and family doctor records.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Wandsworth (London) research ethics committee and all patients provided written informed consent. The study is registered with the UK Clinical Research Network (public.ukcrn.org.uk/; study ID 4577).
Available data. A total of 121 patients were recruited. Of these, 103 attended more than one cognitive assessment. Eighteen patients only attended one assessment due to death (n 5 7), study withdrawal (n 5 6), house move (n 5 1), lost to followup (n 5 2), or withdrawal from full neuropsychological testing (n 5 2). Of the 103 who attended cognitive assessments more than once, MRI data at multiple time points were available for 99; 4 withdrew from imaging but remained in the study for neuropsychological testing. In this analysis, we describe the relationship between change of MRI measures and both cognitive change and progression to dementia in all 99 who had at least one follow-up MRI. The number of complete MRI and cognitive assessments at each time point are shown in table e-1 at Neurology.org.
Demographic characteristics of the 99 patients (table 1) who attended one or more follow-up MRI and cognitive sessions compared to the 22 who did not have been described previously. 4 There were no significant differences in any imaging measures between the groups, but patients who remained in the study were Table 1 Baseline and change characteristics of the analyzed cohort younger and had higher baseline Mini-Mental State Examination (MMSE) scores. At study entry, no patients had had intracerebral hemorrhage, had superficial siderosis, or met the modified Boston criteria for definite, probable, or possible cerebral amyloid angiopathy.
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MRI acquisition. MRI at baseline and each follow-up visit were acquired using the same 1.5T GE Signa HDxt system (General Electric, Milwaukee, WI) using identical image acquisition protocols as previously published 10 and described in appendix e-1.
MRI analysis. Structural preprocessing. A longitudinal tissue segmentation pipeline optimized to our SVD cohort, described in detail in a previous publication, 18 was performed to obtain segmentations for gray matter, NAWM, WMH, and CSF based on coregistered fluid-attenuated inversion recovery and T1-weighted images.
Conventional MRI markers of SVD. The tissue segmentation maps were used to calculate total cerebral volume and WMH lesion load (log-transformed to adjust for its skewed distribution). Lacunes and cerebral microbleeds (CMB) were identified by a trained independent rater according to agreed neuroimaging standards. 6, 19 Detailed calculations and descriptions for these MRI markers are shown in appendix e-2.
Diffusion preprocessing. Detailed preprocessing steps of diffusion-weighted images have been described elsewhere 20 and in appendix e-3. Preprocessing was applied to evaluate the normalized mean diffusivity (MD) histogram distributions of all WM tissue (i.e., NAWM plus WMH) (range 0-0.004 mm 2 /s, bin width 0.000004 mm 2 /s). The normalized frequency of voxels with the histogram peak value in all WM tissue, the MD normalized peak height (MD-NPH) (figure e-1), was used as a measure of tissue microstructure over time as we have previously shown it is the most stable and sensitive DTI measure of change. 20 Cognitive assessment. Cognitive index scores. A battery of well-established, standardized tasks sensitive to the cognitive impairments seen in SVD was carried out annually. Full details have been published previously. 10 In brief, cognitive tasks (table e-2) were age-scaled using published normative data, converted to z scores, and grouped into broad cognitive domains. Averaging across component scores within each cognitive domain created cognitive index scores for EF, PS, working memory, and longterm memory. An overall global functioning score based on all administered tests was produced. In addition, premorbid intelligence was assessed.
Dementia. Information on conversion to dementia was available for all 99 patients. Dementia was diagnosed using the DSM-5 21 definition of major neurocognitive disorder, and was present if individuals met one of the following criteria:
1. A diagnosis of dementia made in a memory clinic or equivalent clinical service 2. After review of medical records and cognitive assessments by a neurologist and clinical neuropsychologist, both blinded to MRI and risk factor information, who agreed that the clinical picture met DSM-5 criteria 3. An MMSE score consistently ,24, indicative of cognitive impairment, 22 and reduced capabilities in daily living as measured by a score #7 on the Instrumental Activities of Daily Living (IADL) 23 The presence of dementia was determined before comparison of cognitive and MRI data. Date of dementia onset was defined as the date of diagnosis. If no exact date was known and dementia conversion was based on review of patient data or cognitive performance, the midpoint date between the visit at which the diagnosis was established and the previous visit was used.
Statistical analyses. We employed linear mixed effect (LME) models to estimate annualized change rates in MRI and cognitive markers based on all available time points. MRI and cognitive indices data were modeled separately in MLwiN 2.1 (Centre for Multilevel Modelling, University of Bristol). 24 Intercepts and linear trajectories (i.e., annual change rate) across the follow-up period as a function of time were allowed to vary with fixed and random effects. The presence of detectable change was assessed on the basis of significance of the average fixed effect slope of time evaluated using a Wald test. Slopes for each patient as estimated by the LME models were extracted and used for further analyses.
First, univariate linear regression analyses were performed between annualized cognitive change rates and MRI markers using SPSS 22.0 (IBM Corp., Armonk, NY). Lacunes and CMB were treated as binary variables (i.e., no change or any new lesions), due to the low frequency of new lesions. Multivariate stepwise linear regression analysis was used to investigate the relationship between annualized change rates of different MRI markers with cognitive decline. Baseline age, premorbid IQ, and sex were added as covariates.
Predictive abilities of MRI change rates and vascular risk factors for dementia conversion were assessed by univariate Cox regression. LME estimates of change in MRI variables for these dementia models were recalculated to exclude MRI data acquired after conversion to dementia (n 5 3 participants, n 5 3 observations). This ensured that only imaging data prior to diagnosis were used to predict dementia conversion. Continuous risk factors, such as blood pressure, were averaged over all time points. Smoking status was defined as smoking during the majority of follow-up, and diabetes as presence at any point during follow-up. A stepwise multivariate Cox regression model including all annualized MRI change rates and risk factors, plus baseline age, premorbid IQ, and sex, was applied to identify independent predictors of dementia.
To assess classification performance of the regression model, we performed discriminant function analyses. First we identified the discriminant value of a conventional risk factor model including age, sex, premorbid IQ, and cardiovascular risk factors. Subsequently we compared significance, sensitivity and specificity, area under the receiver operating characteristic curve (AUC; equivalent to a C statistic), 25 and model stability (i.e., through leave-one-out cross-validation) of that model to that of a model that included the significant variables from the multivariate Cox regression and their baseline values (the relationship between baseline MRI measures and cognition is not investigated in this article, but has been previously published for the 121 patients recruited 10 ).
RESULTS Conversion to dementia. A total of 18 (18.2%) of 99 patients converted to dementia during the 5-year follow-up. Dementia diagnosis was based on clinical diagnosis (n 5 8), review of medical records (n 5 3), and meeting dementia thresholds for MMSE and IADL scores (n 5 7). Mean (SD) time to dementia conversion was 3.31 6 1.40 years. Deaths and other endpoints during follow-up are shown in appendix e-4. Table 2 shows standardized regression coefficients from multivariate models investigating which MRI markers correlated with cognitive decline. New lacunes, decline in MD-NPH, and premorbid IQ were independently associated with decline in EF. The model explained 17.9% of variance in EF change (F 3,91 5 6.63, p , 0.001). Age, premorbid IQ, change in MD-NPH, and new lacunes were all independent correlates of decline in global functioning, with the model explaining 26.6% of variance (F 4,88 5 7.98, p , 0.001).
Imaging predictors of conversion to dementia. Univariate Cox regression analyses revealed only greater MD-NPH change (hazard ratio 0.004; p 5 0.034) was indicative of conversion to dementia (table 3).
Figure 1 Estimated annual change rates for cognitive indices
The dot lines show all estimated individual annual progression rates of executive function, processing speed, and global functioning, as modeled using linear mixed effect models over all available time points. DISCUSSION In this longitudinal prospective study in symptomatic SVD, change in multimodal MRI measures over a 3-year period, during which little change in cognition was detectable, predicted longterm cognitive decline and dementia. In particular, diffuse WM damage on DTI predicted decline in EF and progression to dementia. It was striking that while some patients had marked cognitive decline, others did not decline. This emphasizes the need for predictive tools to identify those who are likely to develop dementia both for individual risk prediction and to identify who may benefit from specific treatments. Our results suggest that MRI may be useful in risk prediction.
Previous cross-sectional studies using DTI have demonstrated abnormalities not only within WMH, 26 but also in NAWM, 8 and have shown these DTI measures correlate with cognition more strongly than WMH volume. 27, 28 This finding, indicating that diffuse WM damage is associated with cognitive decline, has led to the hypothesis that disruption of WM tracks and secondary disconnection of complex cortical-subcortical networks causes cognitive impairment. However, cross-sectional studies demonstrate association, but cannot prove causality. Longitudinal studies provide stronger evidence that associations are causal. This study provides some of the first evidence that change in DTI measures correlates with subsequent cognitive decline in SVD, and therefore provides support for the hypothesis that Table 3 Predictors of conversion to dementia in cerebral small vessel disease diffuse WM damage on DTI causes cognitive impairment.
Using discriminant analysis, we showed that WM microstructure in addition to WMH lesion load and premorbid IQ had significant power to discriminate dementia converters from nonconverters with a C statistic of 0.849. This is a level of prediction that would be clinically useful and is, for example, higher than the 0.81 previously reported for an all-dementia model, which included MRI variables in addition to demographic, vascular risk factor, and cognitive variables. 29 Replication in further independent SVD test populations is needed.
Our results provide further support for the validity of MRI measures as surrogate markers in clinical trials evaluating new treatments for SVD. Currently there are few effective treatments for patients with SVDrelated cognitive decline. A major obstacle to assessing new treatments is the lack of detectable longitudinal change in cognition over short time periods. 3, 7 This has led to the suggestion that MRI measures may be useful to assess new therapies. 7, 30 Using MRI markers could markedly reduce sample sizes required to detect treatment effects. 7 However, before such a surrogate marker is adopted clinically, it is essential to show that change in the marker correlates with change in clinical endpoints. Our study provides some of the first data that this is indeed the case with change in MD-NPH, the DTI measure most sensitive to change, 20 correlating with eventual cognitive decline and progression to dementia.
Previous cross-sectional studies in SVD have shown that, in addition to WM damage imaged on DTI, lacunar infarcts 31,32 and brain volume 9, 33 are also associated with cognitive impairment, while inconsistent associations have been shown for CMB. 31, 34, 35 In this study, new lacunar infarcts were associated with decline in EF. Although 74 new lacunar infarcts were detected over 3 years of imaging follow-up, only 3 patients had symptomatic lacunar strokes in this period. Therefore, although the vast majority of new lacunar infarcts are apparently asymptomatic, they are associated with cognitive decline. It has been hypothesized that lacunar infarcts do so by causing previously mentioned disconnection. 32 Support for this has been provided by cross-sectional data showing that network efficiency mediates the association of lacunar infarcts on cognitive impairment. 36 In contrast to previous cross-sectional data, we did not find any association between brain volume and cognitive decline or dementia despite a detectable decline in volume over time.
Previous studies have shown little or no cognitive change over shorter time periods in this patient group. 4 An analysis of cognition at 3 years in the same SCANS study showed minimal detectable change, 4 and in the large SPS3 trial in MRI-confirmed lacunar stroke no change was detected over a 2-year period either. 3 The current study shows that with longer follow-up, change is detectable. The lack of cognitive change over shorter periods of time is likely to be a reflection of testing methodology (i.e., variability in test results and learning effects), as well as the slow rate of cognitive decline in some individuals.
In contrast to associations we found between DTI measures and EF, we found no association with decline in PS. This is perhaps surprising in light of the association between PS and MRI measures in previous cross-sectional studies. 10, 37 This may reflect the relatively large motor performance component in our PS measure leading to reduced specificity. Alternatively, the mechanisms underlying PS impairment in SVD might differ from those causing EF impairment. PS impairment has been shown to associate with global efficiency derived from DTI tractography networks, 14 and may be a consequence of more diffuse network disruption. Decline in PS may thus be better described by alternative analysis methods such as network analysis. 36 The present study had a number of limitations. First, it suffered from moderate data loss during follow-up, although the dropout rate is comparable to longitudinal aging studies. 38 As reported previously, patients without complete follow-up tended to be older and more disabled, 4,7 which may have led to an underestimation of MRI and cognitive progression rates. Second, all MRI data were acquired on a 1.5T scanner. Although the same scanner was used, which was not upgraded during the duration of the study, image data quality could be improved by higher field strengths and spatial resolution with isotropic voxel dimensions. 39 SVD represents a spectrum of disease from asymptomatic WMH in community populations through to patients with multiple lacunes and extensive WMH who present with vascular dementia. 1 This study investigated a population with moderate to severe symptomatic SVD who have a higher risk of progressing to dementia. In this specific patient group, we showed that a significant proportion progresses to dementia over 5 years. Our results now require replication in patients with less severe SVD, such as in community studies, in which WM DTI measures have been shown to correlate with cognition cross-sectionally. 
